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INTRODUCTION

In the last 20 years, the analytical electron microscope (AEM) has allowed investigators to obtain
chemical and structural information from < 100 nm diameter regions in thin samples of materials.
The increased spatial resolution of the instrument and micro-chemical analysis capability has
allowed investigators to explore problems where reactions occur at boundaries and interfaces or
within small particles or phases in bulk samples. This paper discusses the future directions for
micro-chemical analysis using x-ray spectroscopy.

X-RAY SPATIAL RESOLUTION - MINIMUM DETECTABILITY LIMIT

The spatial resolution of x-ray microanaly.sis in a thin foil is determined by the size of the beam
specimen interaction volume. This volume Is a combination of the incident electron beam diameter,
d, and the beam broadening, b, due to elastic scatter within the specimen. Definitions of spatial
resolution have been proposed by several authors (Goldstein, et al., 1977, Reed, 1982 and
Michael, et al., 1990). For the average size of the interaction volume R, midway through the thin

foil (Figure 1), R = [d + (d2 + b2)1/2] / 2. This definition ignores the effects of diffraction and fast
secondary (IS) electrons. Recent Monte Carlo calculations show that FS are only significant for
elements below atomic number 13 (AI), (Williams, ct al., 1991,1992). High bdghmess guns,
such as a field emission gun (FEG), produce the smallest sized probe diameters for the same beam
current and x-ray generation in the sample and provide for the highest spatial resolution as long as
beam broadening is not a dominant factor.

The minimum mass fraction (MMF) represents the smallest concentration of an element that can be
measured in the analysis volume as defined by the spatial resolution, R. The MMF can be
improved by increasing the current in the focused probe, increasing the electron beam energy to
increase peak to background, P/B, and by increasing the analysis time. Currently MMF values of
0.1 to 0.2 wt% can be achieved using an EDS detector.

The x-ray spatial resolution, R, and the MMF are not independent of one another (Goldstein et al,
1990). The trade off between spatial resolution and MMF is shown in Figure 2 for measurements
of Ni in an Fe-25 wt% Ni alloy (Goldstein, et aL, 1990). The spatial resolution, R, approaches the
beam diameter, d, in the thinnest specimens. The usefulness of the PEG is clearly illustrated in
Figure 2 where spatial resolution, R, can be improved by almost an order of magnitude from - 15
to ~ 1.8 nm for the same MMF and electron beam energy (100 keV). The MMF decreases
(improves) continuously as the specimen thickness and spatial resolution increases. It is unlikely
that MMF will be better than 0.1 wt%, when using an EDS detector, no matter how large the
analysis volume. This limitation is caused by the inability of the EDS detector to accept.x-ray
count rates which give dead times above - 20%. The best compromise in terms of improwng x-
ray spatial resolution and MMF is to use high operating voltages (300 to 400 kV), a PEG
instrument, and thin specimens.

Of intcrcstisthe ultimateabilityof the AEM to detectthe presence of only a few atoms in the
analysisvolume. For an Fe-Ni alloyanalyzed in a VG HB501 PEG AEM operating.at100 keV,
with a spatialresolutionof2.5 nm (FWTM), a foilthicknessof 20 nm, a counting ume of 120 s
and a MMF of 0.4 wt% Ni using an EDS detector,- 350 atoms of an clement of interestare
detectedinthe analysisvolume. Ifthecounting time isincreasedby a factorof 10 using a more
stablesample stageand instrumentelectronicsand fftheoperatingvoltageisincreasedto300 kV,
and thefoilthickncssreduced to 10 nm, the spatialresolutionwould improve to- 1.5nm (FWVTM)
and the MMF would improve to - 0.1 wt %. In thissituation,- 1 to 2 atoms of an element of
interestcould be detected in the analysis volume. With expected improvements in AEM

instrumcntafiontoreducebackground and toimprove peak tobackground and inimprovements in
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Figure 2. Relationship of spatial resolution and MMF measured for Ni in Fe-25 wt% Ni alloy by. ratin conditions axe 1) Philips EM400T: 120
..... _Goldstein et al., 1990) Ope - g "-- -':-_eter _), 2) Philips

three AEM mstrumen.t_ _. ,__a, A r_,-am current, 15.5 nre prooe u_, _.......
kV, LaB6 gun, spot stze ,+, u.u, .... 4, 0.26 nA beam current, 11.8 nre probe diameter
EM430T: 300 kV, LaB6 gun, spot size
(FWTM), 3) VG HBS01:100 kV, FEG, 0.3 to 0.35 nA beam current, 1.8 nre probe diameter

(FWTM). Counting time, 120 s.
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the preparation of thin-foils, it will be possible to detect the presence of _ in the analysisvolume.

To_ SPECIMEN PREPARATION AND CLEAN ROOM TECHNIQUE"__pmve spatial _.solution and ..MMF" to the single atom anal sis re on_ • •

with rapid electro-chemical dissolution or intense ion-beam heating, differential sputtering andsurface damage. As discussed by Williams and Goldstein
el ec.tr_opofishing .and ion-beam thinnine can (1991), there is ample evidence that both

acanng effects.JtIscritical,however, thatthe_'anfgoe'ilstheSn_u_e_oChevmie'SLtr_yand introducesevere
othercharacteristicsof the bulksample. ,,,,,_.,i_same compositionand

To handle the thinspecimens required for high spatialresolutionmicroanalysis,more careful
specimen handling techniqueswillneed to be developed.Typical cleanroom techniqueswillbe
adopted so thatspecimens and sample holdersare cleaned and handled
More oftenthannot specimens willhave to be heated " • in laminar flow hoods.
and residualhydrocarbon films . _. . usinginfraredtechni ues tore

• from priorthinningasweu as "dusted^co,..ql . _move water
utt m all tul2"a lllg/1 vacuum

speca-nen preparation chamber attached directly to the AEM. Because the surface layer of the thin
foil specimen represents a significant proportion of the foil thickness, surface analysis Preparation
techniques now used for Auger: XPS and other surface analysis techniques will need to be
sCumrglac°Yed_'aiThw,c_se.__s'__P.leprepar.a.,on techniqueswill,however, enabletheinvesn ,
• _uys_su=cnmques on me same s_cirrm_ns............. gatortoemploy
msmmaent, r_--_.,, t,,_parea ror Ae.M, perhaps even in the s_n_

ELECTRON BEAM DAMAGE

The ult_ I_. "ration to n_..croanalysis in the or sputtering effects can occur which may ch_ge
300 iu ,,uu _v instruments, knock-on damage _ is _ _d,_age. In the AEM, particularl in
the local chemistry of the specimen. Volta es for kn -
known and surfaceatom sputtering,h,,,,_.....g.'..._:__ _oc.k on damage of most elements

- _, --- ,_- smmeo (Zaluzec and Mansfield. 1987_ T_ .; _a_-ewell
the obvious solution is to operate below the critical threshold voltages, although this will remove--_,. xll ClHICr case)

many of the attractiveaspectsof operatingat thehi h
fu .tt_ the analyst must con " that _ . g est available volta e Neve •ot .. sider___ we are idl a " . . g. rtheless, m the

theabilityof thesample toremain ,,.,,.__r_)_ .t_yappm.acl_g thelimitsofthetechniue in
•._--,_t;r.u in me macroscope, q terms

QUANTIFICATION AND LIGHT ELEMENT ANALYSIS

In order to obtain precision and accuracy approaching 1% rel. in thin film x-ray microanalysis, as
obtained in the EPMA, it witl be necessary to measure kAa factors to within 1% rel. This goal canonly be achieved when x-ray counting statistics a acfurther devel • . ppro h those available wiopment of high bnghmess FEG ins . . . th the EPMA. The
focused probe. Cou led with . truments will prmade higher electron •• P more stable instruments •. current m the
analysis, and the use of more than one ., _e ability to measure beam current "

EDS detector, _t should be ,,.,,o._a._....... .dunng
counts to approach 1% counting statistics. _,oo,o,c Lo oomm enough x-ray

The optimistic outlook for x-ray microanalysis at the 1% accuracy level must be tempered whenconsidering x-ray analysis for the light elements, that i
with energies less than 1.5 ke . ___Is, e!ements, with characteristic x- lines

V. The relauvelypoor a:soluuonof th,._r_e ._...... ray

overlapsfrom more than one lightelement or even worse,from the overlapofL linesof heavier
..... o u_ecmr proouces peak

elements such as Ti, Cr, Fe, Ni, Cu, etc. As shown
of kAB factors of the light elements apnroachin o by Westwood, et al. (1992), measurements
r_owever x-ray microanal,,sisfor"I--":-'-Y-,- ,s ?,,__u-a,accuracy leVelare now "
before 1% rel _........ _:.. ,._ _ -,_ _sa_ c_cmems m the AEM wi ..... ;._ ,-.._L_ _ av.mlable.

• ac,.,.,..,.,.a,,..,_l uc approacned 11.,,_,.,.,_ _urmer aevexopment

WDS POSSIBILITIES

The advantages of the wavelength dispersive spectrometer, WDS, are high-energy resolutioneV), high Peak-to-background ratios (over 10 x . . (<40
rates (up to 50,000 cps) and the ability to ,,,o, .gr.e_m_.r_th_an_e E_. S), h_gh input (output) count
than EDS. The addition of a W'DS -" de.,..., ,_,_ iiivasure me right e_ements more efficiently

detector to the AEM would improve MMF and the analysis of
the light elements and the overlap of characteristic x-ray peaks in the FADS. The disadvantage of the
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WDS is the low x-ray flux into the detector (- 102 to 103 worse than the EDS) due to the large

size of the spectrometer.

Goldstein, et al., (1989) have proposed the a_. "don of a

detector (1 to z cm_. A tw._r,_ ,o p-,t.-, within the vacuum of the AEM. Alternate WDS
by computer-controlled mechanical motors placed help to improve _ in the instrument,
designs are now being developed, which will ultimately
resolve peak overlaps, and detect the light elements without interferences from the L lines of the

transition elements.

INSTRUMENT DEVELOPMENT
• • • • . ,om of

present time, it is not an msmmmnt opumtz_.u ,u, ,_,,.,-- _ -- near
concepts, a true ,,electron-probe-nano-analyzer" wiU undoubtedly be available in the future.• • • " 1) electron source
The instrument improvements neces_s__ f°r ana_ment_capnatb._i_u_ high detector take-
stability, 2) in-situ prooe-current measureu_nh _J ,_ r..---.---
off and collection angle, 5) maximum peak to backgro.u.nd, rano and minimum hole count ,.6) stag, e
stability and computerized stage control, and 7) ultra mgn vacuum stage environment ana sampte

preparation assembly (Williams and Goldstein, 1991).

X-RAY IMAGING

This aspect holds great promise for the future. The ability to store the entire EDS spectrum at eachcharacterization.
• ° • _pixel in a digital STEM image removes many of the barriers to complete materials

off angle and couecuon an.gte an u ?_:L,-_, _7,dve m_lvses at each pixel. Typical storage
digital scans, aria oe aote to to uu_.. _t,. ....
requirements for digital spectrum imaging arc in the range from 4 MB to 1 GB and requtre

significant proo_ssing time.
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